We have used electron paramagnetic resonance (EPR) to examine the structural impact of oxidizing specific methionine (M) side chains in calmodulin (CaM). It has been shown that oxidation of either M109 or M124 in CaM diminishes CaM regulation of the muscle calcium release channel, the ryanodine receptor (RyR), and that mutation of M to Q (glutamine) in either case produces functional effects identical to those of oxidation. Here we have used site-directed spin labeling and double electron-electron resonance (DEER), a pulsed EPR technique that measures distances between spin labels, to characterize the structural changes resulting from these mutations. Spin labels were attached to a pair of introduced cysteine residues, one in the C-lobe (T117C) and one in the N-lobe (T34C) of CaM, and DEER was used to determine the distribution of interspin distances. Ca binding induced a large increase in the mean distance, in concert with previous X-ray crystallography and NMR data, showing a closed structure in the absence of Ca and an open structure in the presence of Ca. DEER revealed additional information about CaM's structural heterogeneity in solution: in both the presence and absence of Ca, CaM populates both structural states, one with probes separated by $4 nm (closed) and another at $6 nm (open). Ca shifts the structural equilibrium constant toward the open state by a factor of 13. DEER reveals the distribution of interprobe distances, showing that each of these states is itself partially disordered, with the width of each population ranging from 1 to 3 nm. Both mutations (M109Q and M124Q) decrease the effect of Ca on the structure of CaM, primarily by decreasing the closed-to-open equilibrium constant in the presence of Ca. We propose that Met oxidation alters CaM's functional interaction with its target proteins by perturbing this Cadependent structural shift.
1. Introduction
Muscle aging, disease, and methionine oxidation
Reactions that use oxygen to drive cellular respiration create highly reactive oxygen species (ROS) that are potentially damaging to the cell. Biological aging and degenerative disease are strongly influenced by the resulting oxidative stress, causing post-translational modification of DNA, lipids, and proteins. Protein oxidation is strongly associated with loss of strength in both skeletal and cardiac muscle, and is proposed to play a major role in aging [1] [2] [3] , muscular dystrophy [4] , and heart failure [5, 6] . Understanding the initiation and progression of muscle aging and disease requires identification and characterization of ROS targets.
The sulfur-containing amino acids, cysteine (Cys) and methionine (Met), are the prime cellular targets of biological oxidants [7] [8] [9] . In particular, Met oxidation and subsequent reduction by Met sulfoxide reductase have far-reaching implications in metabolic, cardiovascular, neurological, and immune related dysfunction [10] [11] [12] . We have identified specific Met residues in proteins as targets of oxidation in muscle contractile and regulatory proteins [13] [14] [15] . Met oxidation has been proposed as a mechanism through which the muscle cell responds to oxidative stress by modulating metabolism and energy utilization [16] . Met oxidation can perturb local secondary structure, induce conformational disorder, and disrupt key hydrophobic interactions [17] [18] [19] . However, Met oxidation in the context of protein structure has only been systematically evaluated for a handful of proteins [13, [20] [21] [22] . Here, we have linked the oxidation of particular functionally sensitive Met residues to discrete and measurable changes in protein structure in order to understand how the oxidation of a single protein http://dx.doi.org/10.1016/j.bbrc.2014.11.091 0006-291X/Ó 2014 Elsevier Inc. All rights reserved.
side chain can contribute to altered regulatory interactions in muscle.
Methionine oxidation alters CaM regulation of target proteins
We seek a molecular structural explanation for how oxidative modifications impact muscle protein function, focusing on the ubiquitous Ca signaling protein calmodulin (CaM). CaM plays a central role in Ca-mediated regulation of muscle contraction. Among its hundreds of target proteins, CaM acts as a feed-forward activator of calcium pumps, a feed-back inhibitor of calcium channels, and an activator of a multitude of CaM-dependent kinases [23] . CaM has unusually high Met content, including 46% of the hydrophobic residues in the binding pockets, which are crucial for CaM's interactions with over 400 diverse target proteins [24] . CaM containing oxidized Met residues has been isolated from both skeletal muscle and the brain of aged animals [25, 26] . Met oxidation impairs CaM's ability to regulate the ryanodine receptor calcium channel (RyR) [27, 28] , the plasma membrane Ca 2+ ATPase (PMCA) [17, 21, 29, 30] and numerous other targets [31] [32] [33] . As a central node in the calcium signaling network, CaM is in an ideal position to orchestrate redox control of cellular homeostasis.
CaM is a dumbbell-shaped protein, with two globular domains (lobes) connected by a flexible a-helical linker (Fig. 1 ). CaM's C-terminal lobe (C-lobe) Met residues are particularly susceptible and functionally sensitive to oxidation. Oxidation of Met 144 and Met 145 prevents CaM from fully activating the PMCA [30] . For the RyR, CaM binding is linked to profound changes in the Ca dependence of both activation and inactivation [35, 36] . Specific Met residues within the C-lobe are critical for CaM-mediated regulation of the RyR [27, 28] . Met-to-Gln (M-to-Q) mutations designed to mimic Met oxidation were used to determine site-specific contributions of C-lobe Met oxidation to changes in CaM regulation of RyR. It was found that M124Q induces a twofold increase in the concentration of CaCaM required for half-maximal inhibition, while M109Q attenuates maximal RyR activation by apoCaM [27, 28] .
M109Q and M124Q mutations were also found to uniquely block activation of smooth muscle myosin light chain kinase, CaMdependent protein kinase IIa, and CaM-dependent protein kinase IV [37] . Here we pursue a structural explanation for the observed functional impact of oxidation of M109 and M124, focusing on changes in the structural transition that accompanies Ca binding. We have linked oxidation of specific Met to measurable changes in protein structure by (1) mimicking oxidation of particular amino acids through mutagenesis and (2) using spectroscopic distance measurements to resolve subtle changes in protein structure and dynamics.
Structural model to be tested
Although CaM is highly dynamic, most crystal and NMR structures can be assigned to one of two broad categories, the ''open'' or ''closed'' state ( Fig. 1) . The open structural state, which is stabilized by Ca binding, is defined by (a) a perpendicular orientation of pairs of EF hand helices, (b) an exposed patch of hydrophobic residues on each lobe, (c) an outward rotation of the lobes that elongates the entire molecule, and (d) a stable a-helical linker connecting the lobes [38] . Exposure of hydrophobic patches is thought to facilitate target protein binding and occurs upon the reorientation of the EF hand helices with Ca binding. The closed structure has been more difficult to characterize because of crystallization problems at low Ca. The solution NMR structure of apoCaM [39, 40] (Fig. 1, top ) serves as a model for the closed structural state and is characterized by (a) EF hand helices in a tight four-helix bundle, (b) buried hydrophobic patches, (c) inward rotated lobes yielding a compact molecular shape, and (d) a discontinuous a-helical linker connecting the lobes.
The static nature of the models presented in Fig. 1 is an oversimplification. There is probably not a rigid coupling in solution between CaM structural state (open or closed) and biochemical state (low or high Ca), since there is an instance of Ca-loaded CaM crystallized in the closed structural state [41] . There are several lines of evidence suggesting that CaM undergoes conformational exchange in solution, particularly in the linker helix [42] and in the C-lobe [43, 44] . Indeed, NMR relaxation measurements and single-molecule FRET studies detected the presence of open and closed CaM states on the millisecond timescale [45, 46] . The existence of conformational equilibrium has been proposed as a mechanism through which target protein binding occurs through ''selection'' of pre-existing CaM conformations [47] . CaM's promiscuity in binding interactions might very well stem from CaM's broad intrinsic dynamics [24] .
Here we have used spectroscopic distance measurements to better define the relationship between CaM Ca binding, Met oxidation, and the structural dynamics of the open and closed structural states. We chose to use the increasingly popular pulsed EPR technique DEER, over fluorescence techniques such as FRET, because it allows for the use of smaller, identical probes and provides superior resolution of distinct conformational states, mole fractions, and disorder [48, 49] . DEER is also much more effective than NMR in resolving the kind of long-range structural changes and conformational heterogeneity predicted by Fig. 1 [48, 49] . The results provide new insight into CaM structural dynamics and function.
Materials and methods

Sample preparation and characterization
Mammalian calmodulin mutants with Cys substitutions for spin-labeling (T34C and T34C.T117C) and Met to Gln substitutions , and all nine methionine residues (red spheres) are indicated. The two methionine residues of interest are labeled. 1CLL (top, based on NMR in solution) and 1CFD (bottom, from crystallography) were rendered using VMD [34] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (T34C.T117C.M124Q, and T34C.T117C.M109Q), were prepared by site-directed mutagenesis, expressed, and purified as previously described [20] , then dialyzed overnight at 4°C against CaM buffer (10 mM NaCl, 10 mM Tris, pH 7.0). CaM concentration was determined by UV absorption [28] . Spin-labeled CaM concentration was determined using the BCA assay (Pierce, Rockford, IL). The sites for Cys substitution were chosen because they are in stable a helices in both crystal structures, and the predicted interspin distances are within the sensitivity range of DEER ($2-6 nm, [48] ) for both crystal structures (Fig. 1) . Cys mutagenesis and spin labeling did not perturb CaM regulation of RyR [28] . The sites for Met to Gln mutagenesis were chosen because they have previously been shown to disrupt the regulation of RyR by CaM [28] . Samples were flash-frozen in liquid nitrogen and stored at À80°C with 10% glycerol added as a cryoprotectant. Maleimide spin label (MSL, N-(1-oxyl-2,2,5,5-tetramethyl pyrrolidinyl)maleimide, Toronto Research Chemicals, Canada) was prepared as a 0.3 M stock in dimethylformamide (DMF). CaM (120 lM) was pre-treated with 1 mM TCEP for 20 min at 37°C to reduce disulfide bonds between Cys, MSL was added to a final concentration of 2 mM at 22°C for 2 h, followed by exhaustive dialysis against CaM buffer. Electrospray mass spectrometry and EPR spin counting both showed that all samples were fully spin-labeled. Some samples were treated with H 2 O 2 as previously described, resulting in complete and selective oxidation of methionine side chains, as verified by mass spectrometry [20] .
EPR spectroscopy
DEER was performed on doubly spin-labeled CaM samples, prepared by dialyzing 150 lM CaM into CaM buffer, with either 5 mM CaCl 2 or 5 mM EGTA, and 10% glycerol as a cryoprotectant. Samples were loaded into quartz capillaries (1.1 mm ID, 1.6 mm OD, 20 lL sample volume) (Wilmad glass, Buena NJ), flash-frozen in liquid nitrogen, and stored at À80°C until use. A Bruker E580 spectrometer (Billerica, MA) was used, operating at Q-band (34 GHz) with an EN5107 resonator, using a 4-pulse DEER protocol [48] . The p/2 pulse width was 12 ns, and the ELDOR pulse width was 24 ns. The static field (observe position) was set near the high-field resonance, with the ELDOR frequency (pump position) set to the maximum of the nitroxide absorption spectrum. Temperature was maintained at 65 K during acquisition, which lasted 4-24 h. The background-corrected DEER decay, whose shape is explicitly determined by the ensemble of distances between the pair of spin labeled sites on the protein, was analyzed using the model-free Tikhonov regularization method provided in the software DeerAnalysis2013.2 [50] to determine the distribution of distances present in the frozen sample. As results based on Gaussian distance distributions are more useful for discussing models based on discrete conformational states, we fit the resulting distance distribution to a model assuming a sum of Gaussians [51] :
The 3n À 1 variable parameters in the fit were x i (mole fraction), r i (center distance), and r i (standard deviation), where the full width at half maximum is given by 2.355r. In all cases the dominant distance distributions reported by Tikhonov regularization were well fit by two Gaussians (n = 2).
Results
DEER resolves open and closed structural states of CaM
The shape of the time-resolved DEER decay reports the distances between the spin labeled protein domains, with fast decays representing shorter distances and slow decays representing longer distances. The decay is also encoded with information about distribution widths (disorder) and the relative mole fraction of distributions in the case of multiple distance populations. Ca substantially slows the DEER decay for spin-labeled WT CaM (Fig. 2A, top) , indicating a substantial increase in the distance between the two lobes of CaM. At first glance, this is quite consistent with the model based on crystal and NMR structures, in which the structure is closed ($4 nm probe separation) and open ($6 nm probe separation) in the absence and presence of Ca, respectively (Fig. 1) . However, closer inspection of the distance distributions derived from analysis of the DEER decay (Fig. 2B, top) (Fig. 2C, top) , giving a value of 13.1 for the ratio of equilibrium constants in the presence and absence of Ca. Each of the two structural states exhibited widths of 1-3 nm, too large to be explained by disorder of spin-labeled side chains. We conclude that the CaM structural states have intrinsic backbone disorder (probably dynamic flexibility) on the order of 1-2 nm.
Mutations mimicking Met oxidation shift CaM's structural distribution, reducing the magnitude of the Ca effect
CaM DEER decays were affected by Met-to-Gln substitutions, and by peroxide oxidation. In all cases, the effect was to decrease the magnitude of the Ca effect ( Fig. 2A , note decrease in the redgreen difference). The most significant change was an increase in the rate of decay for +Ca ( Fig. 2A, green) , indicating a shift toward the closed state (Fig. 2B, green) . Thus the equilibrium constant K for the C-to-O transition in the presence of Ca is decreased by about a factor of 3 for both M109Q and M124Q (Fig. 2C, green) . These mutations did not significantly change the widths of the distributions. The peroxide-treated WT sample, in which all nine Met residues were oxidized, was qualitatively like the M-to-Q mutants (smaller effect of Ca, Fig. 2A ), but there was no longer sufficient resolution to resolve the closed and open states (Fig. 2B) . We conclude that full oxidation induces changes more severe that those of single-site modification.
Discussion
We have used DEER's ability to resolve protein distance distributions and the mole fractions of these structural states to better define the relationship in CaM between Ca binding, Met oxidation, and the structural dynamics of the open and closed structural states. In both ÀCa and +Ca conditions, DEER indicates that CaM is distributed over at least two major structural states, closed and open (Fig. 1) . Thus there is not a tight coupling between CaM's structural states (closed and open) and biochemical states (ÀCa and +Ca). In the absence of Ca, this structural equilibrium favors the closed state by about a factor of 2 (K C?O = 0.56, Fig. 2C, top) , while Ca shifts this equilibrium toward the open state by a factor of 13 (K C?O = 7.33, Fig. 2C, top) . The magnitude of this Ca-dependent shift in K C?O is decreased by about a factor of 3 ( Fig. 2C) by either of two specific Met-to-Gln mutations (M109Q and M124Q) that were previously shown to partially mimic the effects of Met oxidation on the Ca-dependent regulation of the muscle calcium release channel (RyR) [27, 28] and other CaM targets [37] . While the effects of these point mutations on CaM structure equilibrium are qualitatively similar to those produced by oxidizing all 9 Met side chains, decreasing the magnitude of the Ca effect, the effect of complete oxidation is greater than that of either M-to-Q mutation (Fig. 2) . This is not surprising, since the functional effect is also much greater [27, 28] .
How does CaM regulate such an impressively long list of target proteins with specificity? The binding interface between CaM and its known targets is quite variable, particularly in the spacing between the N-lobe and C-lobe binding sites. Existing structures of CaM-target peptide complexes sample a broad distribution of interlobe spacings [24] . Here, we find that under low and high Ca conditions, CaM's opposing lobes intrinsically adopt a strikingly broad distribution of structures and that the distribution is sensitive to Ca-binding. The existence of multiple conformations has been proposed as a mechanism through which target protein binding occurs through ''selection'' of preexisting CaM conformations [47] . Oxidation-induced change in the distribution of available CaM structures would therefore play a strong role in dictating which targets would bind CaM with highest affinity. Typically, CaCaM binds to target proteins with higher affinity than apoCaM, so it is CaCaM that exerts regulatory influence. However, for the RyR channel, both apoCaM and CaCaM exert a regulatory role, with apoCaM activating RyR and CaCaM inhibiting RyR [35, 36] . M124Q and M109Q have slightly different effects on RyR regulation [28] , with the effect of M109Q observable mainly at low Ca, and the effect of M124Q mainly at high Ca. Our results do not show a significant difference in the effects of these mutations on the Ca-dependent conformational equilibrium (Fig. 2) . Higher resolution studies (e.g., by NMR) will be needed to determine the structural basis of these differences.
Conclusion
We have used pulsed EPR (DEER) to resolve the closed and open structural states of calmodulin, in both the presence and absence of Ca. The relative populations of these states are sensitive to Ca binding and also to Met-to-Gln substitutions previously shown to partially mimic the functional effects of methionine oxidation. It is likely that the closed structural state is critical to CaM activation of RyR under low Ca conditions and that the open structural state is critical to RyR inhibition under high Ca conditions. Extension of these structural studies to complexes of CaM bound to RyR and other regulatory targets will be needed to test these hypotheses and refine molecular models of regulation.
